A novel type of two-dimensional photonic crystal is investigated for it optical properties as a core-shell-type ferroelectric nanorod infiltrated with nematic liquid crystals. Using the plane wave expansion method and finite-difference time-domain method, the photonic crystal structure, which is composed of a photonic crystal in a core-shell-type ferroelectric nanorod, is designed for the square lattice and the hexagonal lattice. It has been used 5CB as a photonic crystal core, and LiNbO 3 as a ferroelectric material. The photonic crystal with a core-shell-type LiNbO 3 nanorod infiltrated with nematic liquid crystals is compared with the photonic crystal with solid LiNbO 3 rods and the photonic crystal with hollow LiNbO 3 rods.
Introduction
Progress in solid-state physics, optics of spatially structures, and nanotechnologies based on a variety of physical and chemical processes has strongly stimulated and motivated the investigation into the properties of photonic crystals (PCs) and resulted in the growth of applications of photonic band gap (PBG) materials, i.e. artificially structured materials where optical parameters are periodically modulated in space with a period of a unit PC cell on the order of the optical wavelength. Previous studies about PBG structures, PBG materials, and PCs were important investigations [1] [2] [3] . The basic feature of PCs is the presence of permitted and forbidden frequency bands of light. It is possible to manipulate the light with PCs. Due to this property, PCs hold a great potential for designing new optical devices. There has been an increase in research on tuning the optical properties of PBG to design devices. For instance, Photonic Crystal Fibers have appeared as a new class of optical waveguides. Larsen et al. describe a thermo-optic fiber switch and tunable PBGs using the thermo-optic tuning of the LC [4] . Some tunable PBG research has been done in one-dimensional (1D) [5] , two-dimensional (2D) [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , and three-dimensional (3D) [26] [27] [28] [29] PCs.
Recently, new investigations have reached a new point of view of LCs because of the tunable light wave propagation. LCs refractive indices can be changed by rotating the directors of LCs. Liu investigated the tunable light wave propagation in two-dimensional hole-type photonic crystals infiltrated with nematic liquid crystal and the tunable absolute band gap in two-dimensional anisotropic photonic crystal structures modulated by a nematic liquid crystal [30, 31] . Liu and Chen proposed the tunable field-sensitive polarizer using hybrid conventional waveguides and PC structures with nematic liquid crystals, the tunable PC waveguide coupler with nematic liquid crystals, the tunable PC waveguide Mach-Zehnder interferometer based on nematic liquid crystals, the tunable full band gap in a three-dimensional PC structure modulated by a nematic liquid crystal, the tunable channel drop filter in a two-dimensional photonic crystal modulated by a nematic liquid crystal and the tunable band gap in a photonic crystal modulated by a nematic liquid crystal [32] [33] [34] [35] [36] [37] . Liu et al. created the tunable bandgap in three-dimensional anisotropic photonic crystal structures modulated by a nematic liquid crystal and an efficient tunable negative refraction photonic crystal achieved by an elliptic rod lattice with a nematic liquid crystal [38] [39] .
In the present paper, we theoretically demonstrated and developed the optical properties in the 2D PC structure of a core-shell-type ferroelectric nanorod infiltrated with nematic LCs. PC structure and PC materials were especially selected wherein the optical properties are changed by an external effect such as an electric field, magnetic field, light, temperature, etc. The investigation was achieved by controlling the intensity of the optical properties that had different materials added to a certain structure.
Calculation Method
The fundamentals of the plane wave expansion (PWE) method and finite-difference timedomain (FDTD) method are based on a direct numerical solution of the time-dependent Maxwell's equations as illustrated in some articles [40] [41] [42] . Generally, LCs possess two kinds of dielectric constants. One is ordinary dielectric constants ε o and the other is extraordinary dielectric constants ε e . Light waves with electric fields perpendicular and parallel to the director of the LC have ordinary and extraordinary refractive indices, respectively. The components of the dielectric tensor of the nematic LC are represented as [43] 
where θ is the tilt angle of the LC director (i.e. the angle between the LC director and the XY-plane) and ∅ is the rotation angle between the projection of the LC director on the XY-plane and the X-axis, and n is the director of the LC.
On the other hand, Bloch's theorem [44] is used to expand the H ( r) field in terms of plane waves since the light waves are transmitted in periodic structures, as
where k is a wave vector in the Brillouin zone of the lattice andê G is the direction which is perpendicular to the wave vector k + G owing to the transverse character of the magnetic field H ( r) , ∇ · H ( r) = 0.
Numerical Results
The PBG is manipulated by the rotating directors of LCs under the impact of an applied electric field. Maxwell's equations, for the propagation of electromagnetic waves in a periodic arrangement of PC with nematic LCs, were solved. Using the PWE method and the FDTD method, the PC structure, composed of a PC in a core-shell-type ferroelectric nanorod infiltrated with nematic LCs, was designed for the square lattice and the hexagonal lattice. PCs structures that are designed as round rods and square rods with different lattice shape were computed. LiNbO 3 was used as ferroelectric material and is 5CB (4-pentyl-4cyanobiphenyl) as nematic LCs. The results of PC with the core-shell-type LiNbO 3 nanorod infiltrated with nematic LCs is compared with the PC with solid LiNbO 3 rods and the PC with hollow LiNbO 3 rods.
2D PC of a Core-Shell-Type Ferroelectric Round Nanorod with Nematic LCs
The 2D PC structure is composed of anisotropic nematic LCs in a core-shell-type LiNbO 3 round nanorod with the lattice constant a = 1μm. The core-shell-type LiNbO 3 round nanorods are simulated in a square lattice and a hexagonal lattice. For each lattice shape, LiNbO 3 round nanorods, core-shell-type LiNbO 3 round nanorods, and core-shell-type LiNbO 3 round nanorods of nematic LC-infill in an air background (ε a = 1) were designed. 5CB type LCs have two different principle refractive indices as an ordinary-refractive index n o = 1.548 and extraordinary refractive index n e = 1.742. The ordinary-refractive index of the LiNbO 3 nanorod is n o = 2.237.
Square Lattice.
The schematic views of the proposed 2D PC of LiNbO 3 round nanorods, core-shell-type LiNbO 3 round nanorods, and core-shell-type LiNbO 3 round nanorods of nematic LC-infill in an air background in a square lattice are shown in Fig. 1 . The photonic band structure for TE and TM mode is calculated along with the high symmetry point for the Brillouin zone in a square lattice. Supposing the radius of the cylinders, r = 0.3a, the photonic band structure of the PC with LiNbO 3 round nanorods for a square lattice in an air background is simulated ( Fig. 1(a) ). There is no band gap for TE mode but we can see a two band gap of TM mode in Fig. 2(a) . Their relative widths are 13.08% and 5.26%, and the center normalized frequencies are 0.376(2π c/a), and 0.632(2π c/a).
It is assumed that r 1 = 0.3a and r 2 = 0.2a denote the outer and inner radius of coreshell-type LiNbO 3 round nanorods in an air background in Fig. 1(b) . Figure 2 (b) shows that PBG is decreased one band gap in TM mode when the PC structure becomes core-shell-type LiNbO 3 round nanorods in the air background. Its relative width is 1.13%, and its center normalized frequency is 1.102(2π c/a). The core-shell-type LiNbO 3 round nanorods that have been infiltrated with nematic LC are shown in Fig. 1(c) . The photonic band structure of TE and TM mode is investigated for ordinary-refractive index and extraordinary refractive index, respectively. One band gap in TM mode for the extraordinary refractive index of nematic LC is shown in Fig. 3(a) . The band gap has a relative width of 3.32%, and center normalized frequency of 0.405(2π c/a). As the results obtained for the ordinary-refractive index and extraordinary refractive index of nematic LC are different, it is an indication of anisotropy. By using the anisotropic features of LCs different results for TE and TM mode were obtained. This means that either the structure is rotated into a certain direction or it is infiltrated with different directivity LCs into the structure in order to be able to change the features of these structures.
It is well known that an anisotropic nanostructuring photonic band structure array is capable of changing the polarization state of transmitted or reflected light. Therefore, we also calculated the optical response of the photonic band structure for the different directivity LCs of the polarization ellipse and ellipticity of the light transmitted through photonic band array. The numerical results of the variation of full transmission by changing the direction of LC for the PC structure are presented. The transmission spectrum as a function of the frequency is computed for the ordinary-refractive index and extraordinary refractive index of nematic LC in a square lattice of 2D PC of core-shell-type LiNbO 3 round nanorods of nematic LC-infiltrated in an air background. The transmission of the extraordinary refractive index of nematic LC is zero at frequencies between 0.321(2π c/a) and 0.405(2π c/a), and between 0.647(2π c/a) and 0.732(2π c/a) ( Fig. 3(b) ). The transmission minima of the ordinary refractive index of nematic LC is zero at frequencies from 0.332(2π c/a) to 0.408(2π c/a) and from 0.660(2π c/a) to 0.762(2π c/a). Figure 4 shows the schematic views of the proposed 2D PC of LiNbO 3 round nanorods, core-shell-type LiNbO 3 round nanorods, and core-shell-type LiNbO 3 round nanorods of nematic LC-infill in an air background in a hexagonal lattice. In a hexagonal lattice the photonic band structure for TE and TM mode is calculated along with the high symmetry point for the Brillouin zone. Compared with the square lattice, in general the band gap is increased in a hexagonal lattice. The photonic band structure of the PC with LiNbO 3 round nanorods for a hexagonal lattice in an air background is simulated ( Fig. 4(a) ). A three band gap of TM mode is shown in Fig. 5(a) but there is no band gap in TE mode. Their relative widths are 23.47% from band 1 to band 2, 13.99% from band According the PC structure as shown in Fig. 4(b) , PBG become narrows in TM mode compared to LiNbO 3 round nanorods in a hexagonal lattice. Their relative widths are 3.57% between band 1 and band 2, 11.84% between band 3 and band 4 and 1.35% between band 5 and band 6, and the center normalized frequencies are 0.452(2π c/a), 0.760(2π c/a), and 0.977(2π c/a) ( Fig. 5(b) ). Comparing the square lattice with the hexagonal lattice it can be said that band gap number for TM mode is increased. PBG has one band gap in TE mode. Its relative width is 3.04% and center normalized frequency is 1.049(2π c/a).
Hexagonal Lattice.
For TE and TM mode the photonic band structure is separately analyzed for an ordinaryrefractive index and extraordinary refractive index. It is seen that there is a two band gap in TM mode for both refractive indices. Figure 5 (c) indicates the band gaps that have relative widths are 14.89% and 14.35%, and the center normalized frequencies are 0.415(2π c/a), and 0.720(2π c/a) for the extraordinary refractive index. The band gaps for the ordinaryrefractive index have relative widths are 11.60%, 13.52%, and the center normalized frequencies are 0.426(2π c/a), and 0.733(2π c/a). Here, the presence of anisotropy was proven once again. The transmission spectrum as a function of frequency in a hexagonal lattice is similar to a square lattice. The transmission of an extraordinary refractive index of nematic LC is zero at frequencies between 0.371(2π c/a) and 0.416(2π c/a), and between 0.669(2π c/a) and 0.719(2π c/a). The transmission minima of the ordinary refractive index of nematic LC at frequencies is zero from 0.385(2π c/a) to 0.427(2π c/a) and from 0.681(2π c/a) to 0.730(2π c/a).
2D PC of a Core-Shell-Type Ferroelectric Square Nanorod with Nematic LCs
Structure and material are very important to determine the optical properties of a PC structure as aforementioned. Therefore, we changed the PC structure in order to obtain optimum results. The materials have the same values. We consider that a 2D PC structure is composed of anisotropic nematic LCs in a core-shell-type LiNbO 3 square nanorod with the lattice constant a = 1μm. Parameters d 1 and d 2 denote the inner and outer length of LiNbO 3 square nanorods, respectively. For a square lattice and a hexagonal lattice LiNbO 3 square nanorods, core-shell-type LiNbO 3 square nanorods, and core-shell-type LiNbO 3 square nanorods of nematic LC-infill in an air background were designed.
Square Lattice.
The PC structures in a square lattice for LiNbO 3 square nanorods, core-shell-type LiNbO 3 square nanorods, and core-shell-type LiNbO 3 square nanorods of nematic LC-infiltrated in an air background are depicted in Fig. 6 . It is supposed that d 2 = 0.6a, and the sides of the square nanorods are parallel to the primitive reciprocal lattice vectors ( Fig. 6(a) ). The photonic band structure for TE and TM mode is calculated along with the high symmetry point for the Brillouin zone in a square lattice. Figure 7 shows only the TM modes because there is no band gap for TE modes. According to Fig. 7(a) there is only one band gap of TM mode for LiNbO 3 square nanorods in a square lattice. Its relative width is 7.85% from band 1 to band 2, and the center normalized frequency is 0.354(2π c/a). When LiNbO 3 square nanorods are compared with LiNbO 3 round nanorods in a square lattice, it is seen that there is a reduction in the band gap number of the square structure.
It is supposed that d 1 = 0.4a and d 2 = 0.6a denotes the inner and outer length of coreshell-type LiNbO 3 square nanorods in an air background ( Fig. 6(b) ). The band diagram for this pattern is plotted in Fig. 7(b) . The core-shell-type LiNbO 3 square nanorods have one band gap of TM mode in a square lattice. The relative width is 0.53%, and the center normalized frequency is 0.819(2π c/a). When the PC structure is turned into core-shell-type LiNbO 3 square nanorods, it can be clearly seen that PBG has become narrow and shifted from between band 1 and band 2 to between band 4 and band 5.
The photonic band structure of core-shell-type LiNbO 3 square nanorods modulated by nematic LC in TE and TM mode is again studied for ordinary-refractive index and extraordinary refractive index, individually ( Fig. 6(c) ). There is no band gap in TE and TM mode for both refractive indices as shown in Fig. 7(c) . The transmission spectrum of the core-shell-type LiNbO 3 square nanorods of nematic LC-infiltrated is very close to the core-shell-type LiNbO 3 round nanorods of nematic LC-infiltrated in a square lattice. 
Hexagonal Lattice.
For a hexagonal lattice PC structure of the offered 2D PC of LiNbO 3 square nanorods, core-shell-type LiNbO 3 square nanorods, and core-shell-type LiNbO 3 square nanorods of nematic LC-infilled in an air background is seen in Fig. 8 . In TE and TM mode the photonic band structure is simulated along with the high symmetry point for the Brillouin zone. A three band gap TM mode as stated in Fig. 9(a) are seen for the PC structure of LiNbO 3 square nanorods. Their relative widths are 21.11% from band 1 to band 2, 8.76% from band 4 to band 5 and 1.94% from band 7 to band 8, and the center normalized frequencies are 0.381(2π c/a), 0.776(2π c/a) and 1.00(2π c/a). In general, the band gap number is raised in a hexagonal lattice compared with a square lattice.
The photonic band structure of the core-shell-type LiNbO 3 square nanorods in a hexagonal lattice becomes narrow in TM mode compared with LiNbO 3 square nanorods while the band gap is increased in number. Fig. 9 (b) a four band gap is shown for TM mode. Their relative widths are 0.40% between band 1 and band 2, 1.29% between band 3 and band 4, 5.13% between band 4 and band 5 and 1.05% between band 7 and band 8, and the center normalized frequencies are 0.451(2π c/a), 0.756(2π c/a), 0.862(2π c/a) and 1.165(2π c/a). For TE mode one band gap occurred. The relative width is 0.81% between band 3 and band 4, and the center normalized frequency is 0.905(2π c/a). The photonic band structure of the core-shell-type LiNbO 3 square nanorods of nematic LC-infiltrated which has an ordinary-refractive index and extraordinary refractive index for TE and TM mode is separately examined. Although there is no band gap in TE mode, it is recorded a three band gap in TM mode for both refractive indices. Figure 9 (c) specifies the band gaps that have relative widths, which are 12.31%, 0.84%, 7.11%, and the center normalized frequencies are 0.411(2π c/a), 0.706(2π c/a), and 0.818(2π c/a) for an extraordinary refractive index. The band gap for an ordinary-refractive index has relative widths of 8.87%, 0.85%, 6.51%, and the center normalized frequencies are 0.422(2π c/a), 0.721(2π c/a), and 0.833(2π c/a). When comparing square lattice with the hexagonal lattice it can be said that a three band gap for TM mode is observed. The transmission spectrum of the core-shell-type LiNbO 3 square nanorods of nematic LC-infiltrated is precisely similar to the core-shell-type LiNbO 3 round nanorods of nematic LC-infiltrated in a hexagonal lattice. The transmission of an extraordinary refractive index of nematic LC at frequencies is zero between 0.371(2π c/a) and 0.413(2π c/a), and between 0.663(2π c/a) and 0.703(2π c/a). The transmission minima of the ordinary refractive index of nematic LC at frequencies is zero from 0.389(2π c/a) and 0.427(2π c/a), and from 0.682(2π c/a) to 0.718(2π c/a).
Group Velocity in a Periodic Nanostructure
Assuming that ωn 1 A/c, ωn 2 B/c << 1 where ω is the radiation frequency, c is the light velocity, and A and B are the thicknesses of the alternating layers of isotropic materials with refractive indices n 1 and n 2 respectively, it can be represented that the effective refractive indices for ordinary and extraordinary waves in a periodic nanostructure are shown as [45] 
Formulas (8-9) define the mixing rules for the refractive indices of the constituent materials in the case of ordinary and extraordinary waves in the periodic nanostructures. To find the corresponding mixing rules for the group velocities of light in such a nanostructure, formulas (8) (9) were differentiated with respect to frequency. Generally, the group velocity for ordinary and extraordinary waves in nanostructured medium can be written as
where g o,e i weight factor (i = 1, 2) depend only on the ratio B/A of layer thicknesses and the ratio n 2 /n 1 of the refractive indices of the materials.
The group velocity of core-shell-type LiNbO 3 round nanorods of nematic LC-infiltrated in an air background in a square lattice and a hexagonal lattice for TE and TM mode is computed. Figure 10 displays the group velocity in TE mode for the extraordinary refractive index of nematic LC in a square lattice and a hexagonal lattice.
Conclusion
In conclusion, we have analyzed the optical properties in a 2D PC structure of a coreshell-type ferroelectric round nanorod and square nanorod infiltrated with nematic LCs in a square lattice and a hexagonal lattice. The photonic band structure for TE and TM mode is calculated along with the high symmetry point for the Brillouin zone in both of the lattices. The transmission of these PC structures as a function of wavelength is plotted. The group velocity is computed along with the high symmetry point for the Brillouin zone in the TE mode of core-shell-type LiNbO 3 nanorods of nematic LC-infiltrated in an air background in these lattices. We laid an emphasis on the importance of the selection of the PC structure and PC materials. As a result of this study, it was proved that the optical properties of ferroelectric materials and LCs can be controlled by an external effect such as an electric field, magnetic field, light, temperature, etc.
